term use can reduce the likelihood that a permanent access can eventually be placed because catheters can cause vein stenosis [3, 4] .
Because arteriovenous fistulas (AVFs) are surgically created, they are more expensive than catheters and require time to mature before they can be used. However, they have been shown to be at lower risk for infections and complications [5] , and are associated with lower rates of morbidity and mortality [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Patients using AVFs tend to have better clinical markers and require lower doses of typical drug therapies such as intravenous iron and erythropoietin [20] [21] [22] . Clinical guidelines established by the National Kidney Foundation suggest placing an AVF before the patient develops ESRD so it is mature by the time regular dialysis begins [23] . However, Medicare does not cover the first 90 days of ESRD treatment for patients not already eligible for Medicare. A motivation for this study was to investigate whether Medicare coverage of AVF placement before dialysis initiation would result in a net savings.
Not all patients are candidates for AVFs; those who are frail or have small veins may not be able to maintain such an access [24] . Therefore, when comparing outcomes of patients using catheters and patients using AVFs, it is important to note that type of vascular access is not randomly assigned. Several factors (including unmeasured factors) may influence which access a patient uses, and those same factors may affect health-related outcomes. This nonrandom assignment of treatment group (catheter vs. AVF) is often referred to as 'selection bias' since it can lead to statistically biased parameter estimates if it is not accounted for. Previous studies attempting to assess the cost benefit or cost utility of the type of vascular access used for hemodialysis [25, 26] and the National Institutes of Health/National Institute of Diabetes and Digestive and Kidney Diseases [27] have typically ignored the issue of nonrandom treatment assignment.
While AVFs appear to be clinically superior to catheters, higher insertion costs and the high disease burden and mortality of patients before and immediately after ESRD onset [28] obscure the issue of whether AVF placement before hemodialysis initiation represents a net cost savings. Additionally, the selection issue inherent in vascular access type makes comparing AVFs and catheters challenging. This study aimed to assess whether having a mature AVF at the time of dialysis initiation represents a net cost savings compared with having an AVF that is still maturing at initiation or is placed after initiation, while addressing the selection issue.
Methods

Study Design and Data Sources
The United States Renal Data System (USRDS) serves as the registry and data warehouse for all ESRD patients in the USA. Data available from the USRDS include de-identified patient information and health encounter and cost information from Medicare claims (treatment of ESRD has been covered by Medicare since 1973). To use these data, we identified a cohort with Medicare coverage before and after dialysis initiation and used Medicare claims to identify health encounters, including the timing of AVF placement. The study period extended from 2 years before through 1 year after dialysis initiation; patients were censored at death or change in ESRD treatment (primarily kidney transplant). The cohort was limited to patients who had an AVF placed during the study period in an attempt to exclude patients who were not candidates for AVFs. Thus, this study evaluated the impact of timing of AVF placement, not the impact of AVF use. Demographic and patient information was obtained from the USRDS database, and disease burden was established from Medicare claims before dialysis initiation. Cost information was gathered from Medicare claims and represents the total cost to Medicare from 1 year before through 1 year after dialysis initiation. Figure 1 details the timing of claims used to identify comorbidity and calculate costs.
Since the claims reflect all health encounters paid for by Medicare, total costs include the cost of AVF placement, hospitalizations, infectious events, access-specific procedures (thromboses, revisions, replacements, etc.), and any other events that result in a Medicare claim. Patients who died or changed ESRD treatment within the first year after dialysis initiation were included, but their costs were censored at date of death or treatment change. County-level information on the average Medicare reimbursement amount per beneficiary was obtained from the Dartmouth Atlas to allow adjustment for geographic differences in Medicare reimbursement and geographically based differences in practice patterns.
Cohort and Treatment Group Assignment
We identified 46,551 new hemodialysis patients in 2006 who were aged 6 67 years at dialysis initiation (to ensure 2 years of Medicare coverage before dialysis initiation). A total of 16,863 patients were excluded because of health maintenance organization coverage or insurance payer status; of the remaining patients, 12,336 were identified as having had an AVF placed during the study period. These patients were categorized into three treatment groups based on the timing of AVF placement: 3,046 patients had a mature AVF at dialysis initiation, 2,381 had a maturing AVF at dialysis initiation, and 6,909 had an AVF placed after dialysis initiation. Comorbid conditions were identified using International Classification of Diseases, Ninth Revision, Clinical Modification diagnosis codes (Appendix) in Medicare claims 13-24 months before dialysis initiation.
Comparison of Treatment Groups
A comparison of characteristics across the three treatment groups ( table 1 ) indicated similar age distributions, but patients with mature AVFs were more likely to be male and of white race. Prevalence of comorbid conditions was relatively similar, but patients with maturing AVFs were more likely to have cardiovascular disease, diabetes mellitus, and atherosclerotic heart disease, all conditions relating to or affecting vascular health. Notably, prev- Unl ess otherwise indicated, values are n (%). ASHD = Atherosclerotic heart disease; AVF = arteriovenous fistula; CKD = chronic kidney disease; COPD = chronic obstructive pulmonary disease; GI = gastrointestinal; PVD = peripheral vascular disease. 1 Number of days between first Medicare claim for a nephrologist visit and dialysis initiation.
alence of chronic kidney disease (CKD), anemia, and hypertension (all associated with kidney function and likely present to some degree in almost all patients in the cohort) clearly differed across treatment groups. Prevalence of CKD was highest in patients with mature AVFs, at 87% compared with 75% for patients with maturing AVFs and 55% for patients with AVFs placed after dialysis initiation. Patterns of decreasing prevalence across the treatment groups also occurred for anemia and hypertension (respectively, anemia, 70%, 59%, 47%; hypertension, 93%, 90%, 83%).
One hypothesis is that higher demonstrated prevalence of these diseases represents earlier recognition of kidney disease, not true prevalence; earlier recognition could influence whether an AVF is placed before dialysis initiation. Because of this concern, these variables were omitted from the selection model and from the cost models. Because the study measured total costs and not rate per time at risk, it is constructive to consider how mortality affects this cost variable. Cumulative 12-month mortality (beginning at dialysis initiation) was similar in the maturing AVF and postinitiation AVF groups, at about 25% 1 year after dialysis initiation ( table 1 ) . This is true despite the slight survival bias in the postinitiation AVF group, whose members had to survive until AVF placement to be included in that group. In comparison, cumulative mortality in the mature AVF group was 17% at 1 year, reflecting both better outcomes from AVF use and better overall health status. As it relates to this study, however, a lower mortality rate would increase costs since medical expenses for living patients are regular and large due to ongoing dialysis. A more formal treatment of mortality differences is available elsewhere (C.A. Solid and C.S. Carlin, unpubl. data, manuscript submitted for publication, February 2012).
Statistical Analysis
Claims data typically include only billing information, omitting variables such as disease severity or patient behavior. When these data sources are used to model an outcome by treatment group, these omitted variables can produce bias in the estimation of model parameters. Specifically, the unmeasured characteristics may influence some patients to self-select or to be selected into a particular treatment group, while also affecting the outcome of interest such as total cost of care. For example, some patient behaviors could accelerate kidney function decline (allowing less time for an AVF to mature) and increase the likelihood of hospitalization (increasing total costs). This dual association of unmeasured factors is at the heart of the statistical bias that can result from the nonrandom treatment assignment, and would affect parameter estimates produced by a cost model that ignores the selection issue.
One method for addressing this nonrandom treatment assignment is an ordered probit extension of the Heckman correction [29, 30] . The ordered probit requires a natural ordering of the dependent variable, which in this case represents the timing of AVF placement, and in turn membership in one of the three groups: (1) mature AVF at dialysis initiation, (2) maturing AVF at initiation, or (3) AVF placement delayed until after initiation. As applied here, costs are modeled as a log-linear regression dependent on AVF status and other patient characteristics. The error terms of the ordered probit selection model and log-linear cost model are assumed to be bivariate normal and correlated. The ordered probit selection model produces an estimate that is an extension of the inverse Mills' ratio first developed by Heckman [29] , which is included in the cost model to account for the correlation. Details of this ordered probit methodology, and of the 'oheckman' Stata command that employs it, can be found in Chiburis and Lokshin [30] .
This ordered probit Heckman correction requires an instrumental variable (IV) to identify the group selection. Success of this method depends on availability of a good instrument, one directly related to group selection but not to overall costs. The IV chosen for this analysis was timing of referral to a nephrologist before ESRD onset. This variable ('NephDays') was calculated by counting the days between the date of the first Medicare Part B claim on which the indicated physician specialty was nephrology and the date of dialysis initiation. Clinically, one would expect that the earlier patients are seen by a nephrologist, the earlier they are likely to have an AVF placed. We found that the first nephrology claim appears, on average, 17.9 months before initiation for the mature AVF group, 15.1 months before for the maturing AVF group, and 11.0 months before for the postinitiation AVF group. One would not expect early nephrologist referral to be directly related to costs of dialysis treatment because most costs associated with ESRD are incurred after dialysis initiation, at which point nearly all patients are seeing a nephrologist. For patients with no nephrologist claim before initiation, the variable is set equal to zero. There is no formal test for the appropriateness of a single IV. However, the descriptive data in table 1 show an association between early referral to a nephrologist and early AVF placement. Graphical analysis (available from the corresponding author) showed no link between length of relationship with a nephrologist and total cost of care, in support of the variable's role as an IV.
Results
Initial Cost Comparisons
On average, overall total costs were lowest for the mature AVF group and progressively higher for the maturing AVF and postinitiation AVF groups. Mean costs during the study period for patients in these groups were USD 103,869, USD 119,022, and USD 127,677, respectively ( table 1 ) . As noted, mean cost was lowest for the mature AVF group, even with favorable mortality. We believed that modeling total cost, rather than a measure such as cost per month, was important to facilitate an assessment of the cost effectiveness of early AVF placement because of the distinct pattern of costs clustered around dialysis initiation.
It is not surprising that total Medicare costs are skewed and require data transformation before they can be modeled as an approximately normally distributed dependent variable. Methods detailed in previous studies [31, 32] were used to determine that log-transformation was appropriate for these data. After model fitting, predicted values for log(cost) were retransformed using appropriate smearing methods [33] while considering possible heteroskedasticity.
If the issue of nonrandom treatment assignment is ignored and ordinary least squares regression is applied to log(cost), statistically significant factors include age, sex, race, and presence of several comorbid conditions, including atherosclerotic heart disease, cerebrovascular accident (stroke), peripheral vascular disease, dysrhythmia, cancer, and diabetes (data not shown). Claims relating to wheelchair use (a frailty measure) and the adjustment for regional differences in average Medicare reimbursement per patient are also significant. However, the parameter estimates for these factors were likely statistically biased due to nonrandom treatment assignment, and for this reason we pursued the selection-corrected cost model (summary cost results are given below).
Selection and Adjusted Cost Models
As discussed, we used timing of first nephrologist claim (number of days before dialysis initiation, or 'NephDays') as an instrument for treatment group. This variable is significantly nonnormal and includes differing amounts of values near and equal to zero. For this reason, the two-step method of the 'oheckman' command, which involves estimating the selection model and cost model sequentially instead of simultaneously and is more robust to nonnormality, was used to fit the model [30] . In addition, several parameterizations of this variable were tested; categorizing the days of nephrology care by deciles was found to produce the best overall model fit.
The significance of 'NephDays' in predicting the timing of AVF placement in a traditional ordered probit model is shown in table 2 . Demographics (age, sex, race, geography) were highly significant, as were many of the comorbidity indicators (atherosclerotic heart disease, congestive heart failure, diabetes, gastrointestinal disease, liver disease) and the frailty measures (wheelchair claims, log[hospital days], hospitalization indicator variable). To test the assumption that AVF timing is a naturally ordered variable, a multinomial logit model was tested for model fit and predictive power (not shown). It produced predictive results no better than the ordered probit, so the ordered probit model was retained because of its intuitive appeal and simpler likelihood structure.
The selection-corrected cost model ( table 3 ) shows that presence of comorbidity in most cases is associated with higher costs. All variables (including comorbid conditions and hospitalization days) were defined by the 12 months of experience before our study period to ensure that they were not confounded with cost outcomes for these groups. Surprisingly, the estimate of the age parameter is negative in each group, meaning that after accounting for other R eference categories are nephrology days decile 1, male sex, white race, absence of disease, and geographic decile 1. ASHD = Atherosclerotic heart disease; COPD = chronic obstructive pulmonary disease; GI = gastrointestinal; LR = likelihood ratio; PVD = peripheral vascular disease. 1 Ordinal values: 0 = mature AVF at initiation; 1 = maturing AVF at initiation; 2 = AVF placed after initiation. 2 Number of days between first Medicare claim for a nephrologist visit and dialysis initiation.
3 County-level deciles based on Dartmouth Atlas average reimbursement per Medicare beneficiary. 4 Cutoff 1 and cutoff 2 refer to the boundaries on the value of the latent probit variable that define the observed ordinal value.
factors, older age is associated with lower costs. This is likely related to earlier mortality, since older age is highly predictive of death and therefore cessation of dialysis expenses. Estimates of the age parameters within the cost model are relatively consistent across treatment groups, as are their estimated marginal effects, between USD 500 and USD 1,200 of savings for each additional year of age for each treatment group (data not shown).
The cost model produces an R 2 value of 12.7%. While low, this is consistent with R 2 measures in the health claims literature, especially considering the difficulty of predicting claims for this select population. We used the models (selection-corrected and cohortspecific ordinary least squares) to predict claims for each individual as if he or she were in each of the three treatment groups. These results were averaged across the actual treatment group and are displayed in figure 2 . Compared with predictions from ordinary least squares models, the selection-corrected model shows a larger difference between the average predicted values for being in Ref erence categories are male sex, white race, absence of disease, geographic decile 1. ASHD = Atherosclerotic heart disease; AVF = arteriovenous fistula; COPD = chronic obstructive pulmonary disease; GI = gastrointestinal; PVD = peripheral vascular disease.the mature AVF versus the postinitiation AVF group for each of the three cohorts, suggesting that statistical bias in the ordinary least squares models understates the cost savings in these data.
As noted, while actual and predicted costs for all patients are lowest in the mature AVF group, mortality is also lowest in that group, and lower mortality increases costs. To the extent that mortality differences are not identified by the selection adjustment in the inverse Mills ratio, estimates of cost savings associated with earlier AVF placement are likely to be conservative. During sensitivity testing, the entire process was repeated using only patients who survived for the first 12 months of dialysis, with similar results (not shown).
Discussion
In general, the results reflect much of what would be expected clinically. Patients who have a functioning AVF at dialysis initiation tend to be healthier and less frail than patients who initiate with a catheter. However, placing the AVF early enough to allow it to mature by the time of dialysis initiation also provides a substantial cost reduction over initiating dialysis with a still-maturing AVF. This observed cost difference is understated unless the estimation methods take into account the nonrandom treatment assignment. For example, predicting what would happen if a delayed AVF patient were moved to mature AVF status, to the extent that mortality differences are not identified by our health status measures, requires adjustment for nonrandom assignment to identify the savings due to the different access method without assuming the delayed AVF patient would live as long as the average (healthier) mature AVF patient. Ignoring these selection-related mortality differences understates the estimated savings.
The observed differences in costs between the groups likely result from many factors. Previously published studies have demonstrated that catheters are associated with higher rates of infections and complications [5, 7, 12, 13, 18] , possibly resulting in more frequent and longer hospitalizations. In our study this was certainly true; the percentages of patients in the mature AVF group who experienced a hospitalization for sepsis or vascular access infection after dialysis initiation were 4.8 and 3.4%, respectively. Corresponding percentages for the maturing AVF group were 7.9 and 12.5%, and for the postinitiation AVF group 20.5 and 14.6%. In general, patients in the postinitiation AVF group were more often hospitalized for any reason (79.5%) and stayed in the hospital longer [mean 3.46 days, standard error (SE) 0.04] than the maturing AVF (76.0%; 3.18 days, SE 0.07) or mature AVF (64.0%; 2.43 days, SE 0.05) groups. Of note, these values are not adjusted for the nonrandom treatment assignment, but the direction of the association is consistent with published literature. Additionally, catheter use has been shown to be associated with higher doses of erythropoietin-stimulating agents and intravenous iron [20] [21] [22] , which are also large cost drivers in the dialysis population.
Considering the lower rates of vascular access-related complications [7, [11] [12] [13] 18] , and previous research demonstrating improved quality of life for AVF patients [34] , it seems clear that patients who are good candidates for an AVF should have it placed early enough to assure maturation by the time of dialysis initiation.
Because patients with CKD may die before developing ESRD, it is necessary to consider how predialysis mortality could influence the cost savings of earlier AVF placement. Using the 2005 general Medicare 5% random sample, non-ESRD, Medicare-eligible patients (aged 6 65 years) with an AVF insertion can be identified and followed. We identified about 550 such patients; within 2 years of the AVF insertion claim, 71% developed ESRD, 8% died without developing ESRD, and about 21% survived without developing ESRD. While isolating the exact dollar value that represents the cost of an AVF insertion is difficult, obtaining a rough estimate is possible using line-level revenue center information from claims. Data from claims indicate that a reasonable estimate of the cost to Medicare of an AVF insertion is USD 1,500-2,500. If 70% of CKD patients with an AVF develop ESRD, the cost per ESRD patient is between USD 2,100 and 3,500. Using a more conservative assumption of 50% of CKD patients developing ESRD, the cost per ESRD patient is between USD 3,000 and 5,000. Given that the average estimated total cost savings with a mature AVF are USD 12,801 for patients in the maturing AVF group (bootstrapped 95% confidence interval 5,038-20,798) and USD 25,377 for patients in the postinitiation AVF group (5,973-39,267), pre-ESRD mortality would not appear to negate the cost savings of initiating dialysis with a mature AVF. Typically, about 110,000 patients (of all ages) initiate hemodialysis each year. According to the 2011 USRDS annual report ( fig. 1.19ii ) [35] , about 15% of patients initiated using a catheter with a maturing AVF, and about 65% with a catheter alone; in our Medicare data, about 30% of patients who initiated with a catheter alone had an AVF placed later. Using these values, we estimated that of the 110,000 patients who initiate hemodialysis, about 16,500 do so with a maturing AVF and 21,450 with a catheter, but could have initiated with an AVF. We estimated the cost savings (net USD 5,000 AVF placement costs) for the 16,500 patients with maturing AVFs at USD 7,801; for the 21,450 patients with catheters who could have had AVFs, we estimated net savings at USD 20,377. This gave an estimated total net savings of USD 566 million (holding patient counts and AVF placement costs fixed, the bootstrapped confidence intervals imply a savings range of USD 21-996 million). Notably, these are conservative estimates since a larger proportion of younger catheter patients are likely to be good AFV candidates. Younger patients also experience greater benefit from early AVF placement [36] due to lower pre-ESRD mortality rates; including patients aged ! 67 years at initiation would demonstrate cost savings even greater than we demonstrate here. Regardless of whether Medicare extends coverage to this type of pre-ESRD treatment or health plans and large dialysis providers help cover this cost, the net savings appear to be significant.
Current barriers to AVF creation should be considered. Recent studies have cited procedural barriers (lack of formal policies for patient referral, etc.) and financial disincentives of predialysis care and inadequate reimbursement for surgeons [37, 38] . These issues would likely need to be addressed to take full advantage of the cost savings associated with early AVF placement.
Appropriateness of AVFs and Successful Maturation
In recent years, AVFs have received considerable attention within the ESRD and dialysis communities. The advent of the Fistula First program and increased research surrounding AVFs correspond to an increase in AVF placement and use. However, some clinicians have noted that patient characteristics can often drive decisions relating to vascular access. For example, results from a recent survey [39] indicate that nephrologists would prefer that AVF patients be aged ! 65 years with minimal comorbidity and no history of a failed access. Different clinicians often come to different conclusions regarding the appropriateness of a surgical procedure, especially in a high-risk group. For this reason, we included only patients who eventually received an AVF in our analysis, trusting that this indicated a clinically appropriate AVF candidate.
Additionally, this study was performed on an intentto-treat basis, meaning that no consideration was given to what type of vascular access a patient actually used during any particular dialysis session. For example, if an AVF becomes clotted or infected, a patient may dialyze using a temporary catheter for one or two sessions. As this information is not available from the Medicare claims, making the distinction is currently impossible. However, from a policy standpoint, the intent-to-treat model is appropriate.
This study also did not consider the issue of successful maturation of AVFs, despite the fact that placement of an AVF does not necessarily mean it will mature to the point of use. A 2006 study [40] produced a risk equation for predicting whether a placed AVF would reach maturity without needing additional procedures or replacement. Four significant variables increased risk of AVF failure: age 6 65 years, peripheral vascular disease, coronary artery disease, and non-white race. The authors went on to validate their equation, finding primary failure rates of placed AVFs ranging from 24% in the low-risk group to 69% in the high-risk group. Clearly, age and vascular disease influence the appropriateness of AVFs as well as their potential success. It was impossible from our data to accurately identify if or when an AVF failed.
Not all patients are ideal AVF candidates. Therefore, the question may be not whether to place an AVF sooner, but whether to place one at all. Some patients in our study cohort would likely be categorized by Lok's risk equation as at medium or even high risk for AVF failure (especially considering the cohort age), and later AVF placement may have been due to a clinician's determination of the proper course of action. The decision of whether and when to place an AVF should be made on an individual basis, and clinical recommendations should respect clinician autonomy. Our analyses assumed that because an AVF was ultimately placed, a clinician had determined that doing so was appropriate.
Limitations
While the data provide significant support for the validity of our IV, there is a possibility that it could be correlated with cost through non-AVF early monitoring and treatments. Though our descriptive statistics support use of 'NephDays' as an IV, lack of a formal test for its appropriateness is a limitation.
Patients aged 6 67 years at the time of dialysis initiation are a subset of all incident dialysis patients. They are likely to have worse health and a higher disease burden than their younger counterparts. Event rates and overall costs might be very different, as age is a significant factor when clinicians determine the appropriateness of AVF placement. Therefore, results from this analysis are not directly generalizable to the entire population of incident dialysis patients. Informed by traditional mortality analyses, we would expect this older cohort to be more often of white race and female. However, while these patients may not represent all dialysis patients, they do represent a significant proportion of the hemodialysis population and its cost. According to the USRDS, of 101,306 incident hemodialysis patients in 2006, 51,182 (51%) were aged 6 65 years [41] . Additionally, of the USD 20.3 billion Medicare spent on all ESRD patients in 2006, 48% (USD 9.8 billion) was accounted for by patients aged 6 65 years.
This study also excluded patients due to health maintenance organization or payer status. Most excluded patients had Medicare Advantage coverage at some point during the period of interest. While they generated Medicare costs, full claims information was not available, making identification of those with AVFs impossible.
The age limitation in this study highlights the need for additional work. Future research could combine Medicare data with data from national insurance carriers to identify pre-Medicare costs, allowing a more refined understanding of how reduced complications from earlier AVF placement interact with improved mortality in a younger patient population.
Conclusion
Our results suggest that expanded coverage to include AVF placement prior to the current Medicare eligibility due to ESRD, timed so the AVF is expected to be mature at the time of dialysis initiation, may provide significant overall cost savings to Medicare, perhaps as much as USD 500 million per year. Additional studies, perhaps specifically targeted to a policy change regarding Medicare coverage of pre-ESRD care, are necessary. Continued study of dialysis vascular access is warranted to provide a full picture of how and when providers should place AVFs in patients who are candidates. 
